Bacterial twin-arginine translocases can export fully folded proteins from the cytoplasm. Such proteins are usually resistant to proteolysis. Here we show that multiple extracellular proteases degrade the B. subtilis Tat substrate YwbN. This suggests either that secreted YwbN is not fully folded or that folded YwbN exposes protease cleavage sites.
P
rotein folding is a specificity determinant in the transport of proteins across bacterial membranes. Major protein transport machineries, such as the Sec translocase, translocate only unfolded proteins (6) . In contrast, the twin-arginine (RR) translocase (Tat) is known to translocate fully folded proteins that may even contain cofactors (1, 22, 23, 28, 35) . Importantly, the folding state of a protein is also critical for its biological activity and stability. Therefore, proteins have to fold efficiently either before or after membrane translocation, depending on their translocation via the Tat or Sec pathways (4, 9, 16, 27, 28, 30, 31) .
Tat translocases are present in Gram-negative and Gram-positive bacteria (1, 5, 13, 22, 29, 31, 35) . Proteins are specifically targeted to these Tat translocases by signal peptides that possess a twin-arginine (RR) motif in their N terminus (1, 8, 11, 22, 23, 31, 35) . In Escherichia coli, it was shown that cofactor-containing Tat substrates require dedicated proofreading chaperones such as TorD, DmsD, HyaW, or NapD for folding and cofactor insertion prior to translocation (8, 23, 25, 29) . These chaperones (known as redox enzyme maturation proteins, or REMPs) sequester the RRsignal peptides of their substrates until these are properly assembled. Only then do the REMPs dissociate from the RR-signal peptide, thereby allowing Tat-dependent translocation of the cofactor-containing folded protein (8, 29) . This REMP activity has not yet been demonstrated in all bacteria, and, especially in Gram-positive bacteria such as Bacillus subtilis, the mechanisms for folding and quality control of Tat substrates have remained enigmatic (14, 31, 33) . Notably, proteins that are not properly folded are rejected by the Tat translocase and degraded. It seems that this quality control process relies on general proteolytic systems that are responsible for the turnover of misfolded proteins (1, 4, 7, 18, 27) .
Proteolysis is an important theme in the physiology of B. subtilis, which is appreciated both as a model for fundamental scientific research on Gram-positive bacteria and as a workhorse in the biotechnological production of enzymes and vitamins (9, 31) . Proteases produced by B. subtilis can be distinguished into the "quality control proteases" and "feeding proteases" categories (19, 24, 31) . Quality control proteases are generally responsible for degradation of misfolded proteins in the cytoplasm, membrane, and cell wall, whereas feeding proteases are secreted to degrade extracellular proteins for the provision of nutrients (3, 9, 24, 31) . Extracellular proteases represent major bottlenecks in the production of heterologous proteins that fold inefficiently or expose protease cleavage sites (9, 10) . Accordingly, it was proposed that it might be beneficial to export heterologous proteins with RR-signal peptides via Tat, thereby allowing them to fold in the cytoplasm prior to export and exposure to the feeding proteases (34) . In addition, the deletion of multiple genes for feeding proteases would preclude the degradation of the folded secreted proteins (9, 24, 31) .
B. subtilis possesses two Tat translocases called TatAdCd and TatAyCy that operate in parallel (12, 14) . The TatAdCd translocase is expressed only under conditions of phosphate limitation, as is the case for its specific substrate, PhoD (13, 26) . In contrast, the TatAyCy translocase is constitutively produced (21) . To date, the putative Dyp-type peroxidase YwbN is the only protein known to be specifically secreted via TatAyCy (12) . Based on its secretion via Tat, it was generally assumed that YwbN is translocated across the membrane in a folded state (14, 31) . This would confer resistance to the HtrA and HtrB quality control proteases in the membrane and to the wall-bound and secreted quality control protease WprA, as well as to the extracellular feeding proteases AprE, Bpr, Epr, Mpr, NprB, NprE, and Vpr (9, 30, 31) . The present studies were aimed at testing this assumption using a collection of protease mutant strains that lacked increasing numbers of extracellular proteases and quality control proteases (Table 1) , all of which are expressed under the tested conditions (21) .
To assess the impact of proteases on the extracellular levels of YwbN, cells were grown in lysogeny broth (LB). Next, cells were separated from the growth medium by centrifugation and the amounts of YwbN in both fractions were assessed by Western blotting using specific antibodies. Unexpectedly, compared to the 168 parental strain, a major increase in the levels of extracellular YwbN was observed upon the consecutive deletion of genes for feeding and quality control proteases (Fig. 1) . In contrast, only a relatively minor change in the levels of the secreted LipA control protein was observed. The increasing levels of YwbN did not relate to cell lysis, as evidenced by the extracellular levels of the cytoplasmic protein TrxA, which was previously established as a lysis marker (15) . Consistent with this view, the cellular levels of YwbN and TrxA were by and large the same in all tested strains (Fig. 2) .
Interestingly, all wprA mutants contained cell-associated degradation products of YwbN, suggesting that these are normally degraded by the WprA quality control protease. These findings indicated that YwbN is subject to extensive proteolysis during cell wall passage and secretion. To verify this idea and to pinpoint proteases involved in YwbN degradation, a complementation analysis was performed using the BRB07 7-fold protease mutant strain. This mutant can be readily transformed by routine methods (17) , in contrast to strains lacking additional proteases (not Cells of B. subtilis 168 and BRB02 to BRB14 were grown overnight in LB medium at 37°C. The overnight cultures were diluted in fresh LB medium and grown for 6 h. Cells were then separated from the growth medium by centrifugation. Proteins in the medium fractions were separated using precast 10% Bis-TrisNuPAGE gels (Invitrogen) and semidry blotted (75 min at 1 mA/cm 2 ) onto a nitrocellulose membrane. Prior to gel loading, all protein samples were corrected for optical density at 600 nm (OD 600 ). The presence of YwbN, LipA, and TrxA was detected with specific polyclonal antibodies raised in rabbits. Visualization of bound antibodies was performed using IRDye 800 CW goat anti-rabbit secondary antibodies in combination with an Odyssey infrared imaging system (Li-Cor Biosciences). Fluorescence was recorded at 800 nm. Please note that the apparently reduced LipA level in the medium of strain BRB02 is an outlier that is not normally encountered in this strain. This could relate to an incidental fluctuation in the lipA expression level or to a technical problem during sample processing. Cells of B. subtilis 168 and BRB02 to BRB14 were grown overnight in LB medium at 37°C. The overnight cultures were diluted in fresh LB medium and grown for 6 h. Cells were collected by centrifugation and disrupted by beadbeating as previously described (33) . Cellular proteins were analyzed by PAGE and Western blotting as described in the legend of Fig. 1 using specific shown). Briefly, the nprB, aprE, epr, bpr, mpr, or vpr genes were amplified by PCR from the genome of B. subtilis 168 and cloned into the pHB201 low-copy-number expression vector (2) . The resulting plasmids (or the pGS1npr plasmid for nprE expression) (32) were then used to transform B. subtilis BRB07. As shown in Fig. 3 , the production of AprE, Bpr, NprE, or Vpr resulted in decreased extracellular YwbN levels comparable to that of the 168 parental strain. In contrast, ectopic expression of nprB, epr, and mpr did not result in relatively low extracellular YwbN levels such as were encountered in the parental 168 strain. Most likely, this means that NprB, Epr, and Mpr are not involved in YwbN degradation. However, we cannot exclude the possibility that, upon ectopic expression of the respective genes, the production levels of NprB, Epr, and Mpr are lower than those in the parental strain. In contrast to YwbN, the secreted control protein FeuA was not affected by the ectopic expression of protease genes. Lastly, we showed that YwbN was still TatAyCy-dependently secreted in the BRB07 strain by using tatAyCy, tatAdCd, or tatAdCd-tatAyCy mutant derivatives (Fig. 4) . Taken together, our data show that the Tat-dependently secreted protein YwbN is a substrate for multiple extracellular proteases of B. subtilis, including both feeding and quality control proteases. Our findings thus challenge the hypothesis that Tat-dependently secreted proteins of B. subtilis would be protease resistant. Instead, our observations suggest either that YwbN is not fully folded upon membrane translocation, cell wall passage, and secretion into the growth medium or that the folded YwbN exposes protease cleavage sites, which would be highly remarkable for a native secretory protein of B. subtilis. At present, we do not know whether the posttranslocational degradation of YwbN is advantageous for B. subtilis. Clearly, the degradation of YwbN is not disadvantageous for the cells under the tested conditions, suggesting that the steady-state production level of this protein is high enough to sustain optimal growth and cell viability. responsible for YwbN degradation, strain BRB07 was transformed with plasmid-borne copies of the protease genes that had been deleted from this strain. The nprB, aprE, epr, bpr, mpr, or vpr genes were cloned in the pHB201 expression plasmid (2) . For nprE expression, the previously constructed plasmid pGS1npr was used (32) . The presence of the YwbN and FeuA proteins in growth medium fractions of the transformed strains was detected by PAGE and Western blotting with specific polyclonal rabbit antibodies as described in the legend to Fig. 1 .
FIG 4
Tat-dependent secretion of YwbN in a multiple protease mutant. To verify the Tat-dependent secretion of YwbN by strain BRB07, mutant derivatives of this strain were constructed that lacked the tatAyCy, tatAdCd, or tatAyCy-tatAdCd genes. Next, the levels of YwbN in the growth medium and cells were assayed by Western blotting as described in the legends of Fig. 1 and 2 .
